Abstract Two new aminophenoxazinone compounds with antitumor activity, elloxazinone A and B, were isolated from the culture filtrate of Streptomyces griseus Acta 2871. Their chemical structures were determined by mass spectrometry, NMR spectroscopy and X-ray analysis. Elloxazinones A and B showed a moderate inhibition of the proliferation of human cells from gastric adenocarcinoma in vitro but a strong inhibition of hepatocellular carcinoma cells whereas elloxazinone B strongly inhibited the proliferation of human breast carcinoma cells.
Introduction
Strain Acta 2871 was isolated from a soil sample collected from a steel waste tip at Consett, County Durham (UK) and screened during the course of the ACTAPHARM project to detect novel bioactive secondary metabolites for pharmaceutical applications. Extracts from culture filtrates and mycelia were prepared following the growth of the strain in shake flask cultures using different complex media. The secondary metabolite profiles were evaluated by HPLC-diode array analysis and an in-house developed HPLC-UV-Vis database [2] . Two metabolites in the culture filtrate extract of the strain ( Fig. 1 ) showed characteristic and congruent UV-visible spectra that differed from those of 867 reference compounds stored in the database, but exhibited a similarity to phenoxazinone-type compounds, such as actinomycins. The HPLC-ESI-MS analysis of the culture filtrate extract revealed a molecular mass of 313.1 for the compound with a retention time of 8.7 minutes and 299.1 for the compound with a retention time of 7.0 minutes. The compounds were named elloxazinone A (1) and elloxazinone B (2) respectively. These data did not correspond with those of other phenoxazinone-type pigments that are known to be widely distributed in nature, such as 2-aminophenoxazin-3-one (3) [3] from a streptomycete strain and three derivatives thereof isolated from a marine Halomonas strain [4] , 2-ethanolamino-phenoxazin-3-one from a Streptomyces thioluteus strain [5] , 2-amino-1-carboxy-phenoxazin-3-one from a Nocardiaceae strain [6] , texazone from an unidentified actinomycete strain [7] , chandrananimycins from a marine Actinomadura strain [8] , as the fungal pigments cinnabarin [9] and tramesanguin [10] . The present work describes the fermentation, isolation and structure elucidation of elloxazinones and their biological activity.
Materials and Methods

Producing Organism and Taxonomy
Strain Acta 2871 was isolated from a soil sample collected from a steel waste tip at Consett, County Durham, UK. It was examined for a number of genotypic and phenotypic properties known to be of value in streptomycete systematics [11] .
Fermentation and Isolation
Batch fermentations of strain Acta 2871 were carried out in a 10-liter stirred-tank fermentor (Biostat E, B. Braun Melsungen, Germany) in a medium that consisted of mannitol 20 g and soybean meal 20 g in 1 litre tap water. The fermentor was inoculated with 5% by volume of a shake flask culture grown in a seed medium at 27°C in 500-ml Erlenmeyer flasks with one baffle for 48 hours on a rotary shaker at 120 rpm. The seed medium consisted of glucose 10 g, glycerol 10 g, oatmeal 5.0 g, soybean meal 10 g, yeast extract 5.0 g, casamino acids 5.0 g and CaCO 3 1.0 g in 1 litre tap water. The fermentation was carried out for 4 days with an aeration rate of 0.5 vvm and agitation at 250 rpm.
Hyphlo Super-cel (2%) was added to the fermentation broth which was separated by multiple sheet filtration into culture filtrate and mycelium. The culture filtrate was adjusted to pH 5 with 5 M HCl and extracted three times with EtOAc; the organic extracts were combined and concentrated in vacuo to dryness. The crude product was dissolved in CH 2 Cl 2 and added to a silica gel column (45ϫ2.6 cm, silica gel SI 60, Merck). The separation was accomplished by a step gradient from CH 2 Cl 2 to 5% MeOH. Fractions containing 1 and 2 were combined and concentrated in vacuo to a small volume. Improved solubility of aminophenoxazinones was achieved by adding a few drops of ammonia to the concentrate which was purified by Sephadex LH-20 and Toyopearl TSK HW-40 chromatography (each column 90ϫ2.5 cm) using MeOH/CH 2 Cl 2 (2 : 1) as the eluent, a process that led to the separation of 1 and pure 2. In order to obtain pure 1 the raw product was subjected to preparative HPLC using a C18 column (Grom-Sil 300 ODS-5 St, 10 mm, 2.0ϫ25 cm) with CH 3 CN/0.1% HCOOH (a linear gradient from 65% to 80% CH 3 CN over 35 minutes) at a flow rate of 15 ml/minute.
HPLC-DAD Analyses
The chromatographic system consisted of a HP 1090M liquid chromatograph equipped with a diode-array detector and a HP Kayak XM 600 ChemStation (Agilent Technologies). Multiple wavelength monitoring was performed at 210, 230, 260, 280, 310, 360, 435 and 500 nm and UV-visible spectra measured from 200 to 600 nm. A 10-ml aliquot of the fermentation broth was centrifuged, and the supernatant adjusted to pH 4 and extracted with the same volume of EtOAc. After centrifugation, the organic layer was concentrated to dryness in vacuo and resuspended in 1 ml MeOH. A 10-ml aliquot of the sample was injected onto an HPLC column (125ϫ4.6 mm) fitted with a guard-column (20ϫ4.6 mm) filled with 5-m m Nucleosil-100 C-18 (Maisch, Ammerbuch, Germany). The samples were analysed by linear gradient elution using 0.1% ortho-phosphoric acid as solvent A and acetonitrile as solvent B at a flow rate of 2 ml/minute. The gradient was from 0% to 100% for solvent B in 15 minutes with a 2-minute hold at 100% for solvent B.
Structure Elucidation LC-MS experiments were performed on an Applied Biosystems QTrap 2000 (Applied Biosystem, Darmstadt, Germany) coupled to an Agilent 1100 HPLC system (Agilent, Waldbronn, Germany). ESI-FT-ICR mass spectra were recorded on an APEX II FTICR mass spectrometer (4.7 T, Bruker-Daltonics, Bremen, Germany). NMR experiments were recorded on a DRX 500 NMR spectrometer (Bruker, Karlsruhe, Germany) equipped with a BBI probehead with z gradients.
A plate shaped red single crystal of 1, suitable for X-ray structure determination, was mounted on a glass fibre and measured on a Stoe IPDS I diffractometer, using graphitemonochromated Mo-K a radiation. The structure was solved by direct methods with SHELXS-97 and refined by leastsquares methods based on F 2 using SHELX-97 [12] . The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were found in the difference electron density map and refined isotropically. The final R 1 and wR 2 values were 0.0538 and 0.0864 for reflections with IϾ2s, respectively.
Crystallographic data for the structure reported in this paper have been deposited with the Cambridge Crystallographic Data Center, CCDC, No. 634042. Copies of the data may be obtained free of charge on http:// www.ccdc.cam.ac.uk/products/csd/request.
Biological Activities
An agar plate diffusion assay was used to determine the antibacterial and antifungal properties of the elloxazinones produced by strain Acta 2871 using Arthrobacter aurescens DSM 20166, Bacillus subtilis DSM 10, Brevibacillus brevis DSM 30, Staphylococcus aureus DSM 20231 and Streptomyces viridochromogenes Tü 57 (Gram-positive bacteria) and Escherichia coli K12, Pseudomonas fluorescens DSM 50090 and Proteus mirabilis ATCC 35501 (Gram-negative bacteria). The yeasts and filamentous fungi examined were Candida albicans Tü 164, Saccharomyces cerevisiae ATCC 9080, Botrytis cinerea Tü 157 and Penicillium notatum Tü 136. Ten ml of the samples were applied to filter paper disks (6 mm diameter), these were added to inoculated test plates that were incubated for 24 hours (bacteria) and 48 hours (fungi) at temperatures which allowed optimal growth of the test organisms.
The inhibitory activities of the elloxazinones on the growth of tumor cells was tested according to NCI guidelines [13] using human cell lines from gastric adenocarcinoma (AGS and HM02), breast carcinoma (MCF 7) and hepatocellular carcinoma (HepG2). Cells were grown in 96-well microtiter plates in RPMI 1640 with 10% fetal calf serum in a humidified atmosphere of 5% CO 2 in air. The aminophenoxazinones 1 and 2 (0.1ϳ10 m l/ml) were added to the cells after incubation for 24 hours. Stock solutions were prepared in DMSO; the final DMSO concentration of the cultures was 0.1%. The cells were fixed and cell protein assayed with sulforhodamine B after a 48-hours incubation.
Cell cycle distributions were determined by staining DNA with propidium bromide. AGS and MCF7 cells were treated for 24 hours with indicated concentration of 2, harvested by trypsination, washed with RPMI 1640 containing 1% fetal bovine serum and resuspended in 100 m l staining solution (propidium bromide 150 m g/ml, 4 mM Na-citrate pH 7.0, 1% Triton X-100, 1% BSA). After 15 minutes incubation at room temperature in the dark, 100 m l RNAse solution (10 mg/ml Ribonuclease A in Tris/HCl buffer, pH 7.5) were added. Thirty minutes later cells were analyzed using a Becton Dickinson FACSscan.
Results
Taxonomy of the Producing Strain
The presence of LL-diaminopimelic acid in whole-organism hydrolysates [14] together with its colonial properties [15] indicated that strain ACTA 2871 was a member of the genus Streptomyces. More detailed taxonomic studies showed that the organism had properties consistent with its assignment to Streptomyces griseus as it produced a grey aerial spore mass on oatmeal agar, formed straight to flexuous chains of smooth surfaced spores and shared very high 16S rRNA gene sequences (99.5ϳ99.7%) with members of this taxon [16] .
Fermentation and Isolation
Strain Acta 2871 was grown in a 10-litre stirred tank fermentor using a complex medium. The culture reached a maximal biomass of 20 vol-% after 48 hours of incubation when elloxazinone production started. The highest yield of 1 was produced in 18 mg/litre, and that of 2 in 48 mg/litre after an incubation period of 96 hours. 1 and 2 were isolated from the culture filtrate by extraction with ethyl acetate and purified by subsequent chromatography on silica gel, Sephadex LH-20 and Toyopearl HW-40F and preparative reversed-phase HPLC. The elloxazinones were obtained as red powders after lyophilization.
Structure Elucidation
The HPLC-ESI-MS spectra revealed molecular masses for 1 [ 1 H-spectrum could not be assigned to any C-atom, therefore suggesting the presence of four heteroatom bound protons. Furthermore, the 13 C-spectrum revealed ten quaternary C-atoms, three with a chemical shift lower than 165 ppm. With regard to the UV-spectrum of 1, with absorption maxima at 239, 259, 411 and 428 nm, strong similarities were found to the UV spectrum of 3 (237, 412 and 431 nm) [4] . Therefore, it was concluded that 1 was structurally related to 2-aminophenoxazin-3-one. The 2-aminophenoxazin-3-one core structure includes one C atom with a chemical shift lower than 165 ppm [4] . Therefore the two additional C atoms of 1 with a chemical shift of 170.1 and 165.3 ppm suggested a carboxylic acid, an amide or an ester group as substituents of the core structure. The substituents and substitution pattern at the 2-aminophenoxazin-3-one core structure were determined with the help of 2D NMR spectra. Regarding ring C of 1 (Fig. 2) which was considered first, the HMBC experiment provided the crucial information for the presence of a methylester attached to C-8 (Fig. 3) . The connectivities from H-7 and H-9 to C-12 and from H-13 to C-12 together with the chemical shift of the CH 3 group (52.2 ppm) and the coupling constants of the protons H-6, H-7 and H-9 (Table  1) gave evidence for the assignment of the ring C structure and its substitution pattern respectively. Comparing the molecular formula of a hypothetical 8-methoxycarbonyl-2-aminophenoxazin-3-one, C 14 H 10 N 2 O 4 , with the molecular formula of 1, C 15 H 11 N 3 O 5 , it was concluded that one substituent attached to ring A was CONH 2 , which corresponds to a carboxamide. Finally, the constitution of correlation between the protons with the chemical shift of 7.63 and 9.83 ppm (Fig. 3) . These protons could not be assigned to be bound to any C-atom in the HMQC experiment and therefore it was assumed that two NH 2 groups were substituents of ring A. The HMBC experiment showed strong correlations from H-4 to C-2, C-4a and C10a and a weak correlation to C-3. One of the NH 2 protons showed a correlation to C-1, but no other correlation was observed. Based on these data it was not possible to clearly assign the chemical shifts 8.19 ppm/10.55 ppm and 7.63 ppm/9.83 ppm to a distinct NH 2 -group. Nevertheless, the assumption of an amide substituent at C-1 in ring A was fully confirmed.
In parallel to NMR studies, crystallisation experiments were performed and for 1 a single crystal was obtained. Subsequent X-ray structure determination (Fig. 4) fully confirmed the constitutional formula shown in Fig. 2 . The comparison of the molecular formulae of 1, C 15 H 11 N 3 O 5, and 2, C 14 H 9 N 3 O 5, suggested that 2 was the corresponding acid. This was supported by NMR data (Table 1) . No signal for a methyl group was found in the 1 H NMR spectrum and in the 13 C-spectrum spectrum. The observed correlations in the 2D NMR spectra were almost identical, but in the case of 2 the HMBC experiment revealed two connectivities for a proton of the NH 2 group, to C-1 and to C-11. Therefore the NH 2 group with the chemical shifts of 7.59 and 9.91 ppm belongs to the amide group while the NH 2 group with the chemical shifts of 8.06 and 10.43 ppm is the amine group attached to C-2. In analogy to the assignments of 2 we suggest the NH 2 group with the chemical shifts of 7.63 and 9.83 ppm of 1 to belong to the amide group.
In conclusion, 1 could unambiguously be identified as 2-amino-1-carbamoyl-8-methoxycarbonylphenoxazin-3-one, and 2 as 2-amino-1-carbamoyl-8-carboxyphenoxazin-3-one. Both compounds are structurally new 2-aminophenoxazin-3-ones.
Biological Activity 1 and 2 did not show antibacterial or antifungal activity against any of the tested organisms. When the cytostatic effects of 1 and 2 were tested against various human tumor cell lines each of the compounds were found to inhibit the growth of HepG2 and MCF 7 cells at very low concentrations (Table 3) , whereas the gastric cell lines HM02 and AGS were less sensitive.
The cell cycle analysis of AGS cells exposed to 5 mg/ml 2 is given in Table 4 . 2 locks the cells initially in the G1 phase. The percentage of cells in sub G1 phase was significantly increased, indicating apoptosis. In MCF 7 cells 2 (0.01 mg/ml) increased the number of cells in G1 by 4%, and the number of cells in sub G1 by 2.6%.
Discussion
The most prominent aminophenoxazinone antibiotics are the actinomycins, e.g. actinomycin D (4), yellow chromopeptides which were the first antibiotics discovered in streptomycetes [17] . Actinomycins form complexes with DNA and intercalate in the minor groove of helical DNA. Their high toxicity excluded them as antiinfective drugs for clinical use, but their tumorstatic properties led to intensive efforts in derivatization programs for investigations of structure-activity relationships [18] . Actinomycins have a characteristic substitution of the aminophenoxazinone chromophor in positions 1 and 9 with two side chains consisting of pentapeptide lactones (Fig. 2) . Further substitutions of the chromophor are methyl groups in positions 4 and 6. The functional groups of actinomycins which are indispensable for biological activity and complex formation with DNA are the amino group in position 2, an quinoidal oxygen in position 3, and the intact, cyclic pentapeptide lactones in positions 1 and 9 [19] . All efforts to modify the amino acid composition of the peptide chain were without success as they did not increase the cytostatic activity or reduce the toxic properties of the molecule thereby leading to respiratory disorders and lesions in the kidneys, liver and spleen [20] . Replacement of the pentapeptide side chains by aminoalkyl side chains of variable length and different terminal groups strongly influences the antitumor activity [21] .
In this context it is of particular interest to compare the antitumor activity of the aminophenoxazinones having a different substitution pattern than actinomycins. It has been reported that 3 inhibits the proliferation of mouse 282 malignant melanoma B16 cells in vitro, prevents the growth of melanoma cells transplanted into mice in vivo at extremely low concentrations, and causes only a few adverse effects on mice in contrast to 4 [22] . The synthetic aminophenoxazinone compound 2-amino-4,4a -dihydro4a,7-dimethyl-2H-phenoxazin-3-one (5) was found to be a potent inhibitor of proliferation and an inducer of apoptosis in all leukemia cell lines showing few adverse effects in vivo [23] . It was shown that in contrast to 4 this type of aminophenoxazinone does not intercalate in DNA, but causes an arrest of the cells in the G1 phase and forces cells directly to apoptosis [24] . The recently described new aminophenoxazinones isolated from a marine Halomonas strain, 2-amino-6-hydroxyphenoxazin-3-one and 2-amino-8-benzoyl-6-hydroxyphenoxazin-3-one [4] , showed moderate cytotoxic activity against different human tumor cell lines. The new aminophenoxazinones described in this paper, 1 and 2 from Streptomyces griseus Acta 2871, having an unusual substitution pattern of the core structure, exhibited a strong inhibition of human hepatocellular carcinoma cells; 2 very strongly inhibited human breast carcinoma cells. Only one other group of natural phenoxazin-3-one derivates, the grixazones A and B (6) produced by a Streptomyces griseus strain [25] , have the same substitutions pattern, but different substituents, bearing a cysteine at C-1. Unfortunately there is no information available about their cytotoxic activity.
The cell cycle investigations in AGS and MCF7 cells showed that 2 locks the cells in G1 phase and induces apoptosis. One of the key regulatory system inducing apoptosis in tumor cells involves upregulation of the CD95 (APO-1/Fas) death receptor system [26] . Anticancer drugs induce different upregulation of the CD95 receptor in different human tumor cell lines (e.g. 5-fluoro uracil causes a weaker CD95 expression in AGS cells than in HepG2 cells) [27] . 
